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protein	mixture	 (Matrigel).	 However,	 these	 very	 same	 cells	 self-organize	 into	 2-
dimensional	(2D)	intestinal	epithelial	monolayers	that	recapitulate	the	in	vivo-like	
cell	 organization	 when	 seeded	 on	 thin	 layers	 of	 the	 same	 cell-derived	 protein	
mixture.	Moreover,	 in	vivo,	 the	intestine	integrates	regulation	from	paracrine	and	
juxtracrine	signals	to	establish	its	characteristic	crypt-villus	axis	self-organization.	




between	 cell-substrate	 and	 cell-cell	 interactions,	 but	 the	 role	 of	 the	 ECM	




dimensionality	 is	 fixed.	These	 self-assembles	 tubular	networks	have	 inner	 apical	
polarization	and	are	similar	 to	soap	 foams	or	de-wetted	collagen	networks.	They	
have	well	defined	topological	and	metrical	properties	and	become	spontaneously	
ordered	 at	 large	 length	 scales.	 Interestingly,	 stem	cells	 have	particular	dynamics	
during	the	formation	of	each	self-organized	patterns.	On	low	Matrigel	concentration,	
stem	 cells	 present	 a	 confined	 random	 movement	 to	 form	 a	 2D-monolayer.	 In	
contrast,	 on	 higher	 Matrigel	 concentration,	 stem	 cells	 perform	 a	 direct	 motion	
towards	 a	 specific	 target	 to	 form	 the	 3D-tubular	 networks.	 By	 reducing	 the	




contain	 crypt-	 and	 villus-like	 domains	 resembling	 those	 found	 in	 vivo.	 These	
compartments	are	randomly	distributed	and	their	shape	is	not	uniform.	However,	
by	 producing	 localized	micropatterns	 of	 immobilized	Wnt	 and	 ephrin	 factors	 on	
freeze-dried	Matrigel-coated	substrates	by	micro-contact	printing,	we	can	drive	the	
compartmentalization	 of	 the	 intestinal	 epithelial	 monolayers	 by	 spatially	
positioning	the	crypt-	and	villus-like	domains.	Finally,	by	changing	the	shape	and	
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cell	 polarity11,12.	 Polarity	 refers	 to	 the	 formation	 of	 structurally	 and	 functionally	
distinct	 apical	 and	 basolateral	 cellular	 domains,	 limited	 by	 cell-cell	 adhesion	
structures	 called	 tight	 junctions.	 The	 two	 domains	 have,	 for	 instance,	 different	
distribution	of	phospholipids,	protein	 complexes,	 and	 cytoskeletal	 components13.	
Such	 cytoskeletal	 components	 include	 the	 actomyosin	 cytoskeleton,	 the	
microtubules	 and	 the	 intermediate	 filaments.	 All	 of	 them	 are	 in	 constant	
communication,	which	 is	of	 fundamental	 importance	 to	maintain	apico-basal	 cell	
polarity.		
In	particular,	actin,	one	of	the	proteins	forming	the	actomyosin	cytoskeleton,	has	a	













the	 actomyosin	 cortex	 regulates	 the	 hexagonal	 cell	 shape18,19	 in	 epithelial	
monolayers.	 Finally,	 at	 the	 cell	 basal	 domain	 contacting	 the	 ECM,	 F-actin	 can	 be	
assembled	into	fiber	bundles	named	stress	fibers.	These	structures	typically	contain	




collectively	 migrating	 cells	 generate	 protrusive	 forces	 through	 lamellipodia	 or	
filopodia	 at	 their	 basal	 level23,24.	 Recently,	 it	 has	 been	 reported	 that	 migrating	
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apical	 and	 basolateral	 domains;	 and	 gating	 the	 paracellular	 passage	 of	 ions	 and	
solutes	 in-between	 cells26.	 TJ	 structures	 contain	 two	 types	 of	 transmembrane	
proteins,	 occludins	 and	 claudins,	 which	 confer	 these	 functions,	 and	 associated	





The	 first	 intercellular	 junctions	 that	 develop	 when	 epithelial	 cells	 make	 direct	
physical	contact	with	one	another	are	the	AJs14.	AJs	are	mainly	formed	by	cadherins,	
which	 are	 a	 family	 of	 transmembrane	proteins	 that	 form	 cell-cell	 adhesions	 in	 a	
calcium-dependent	 manner.	 Differential	 cadherin	 expression	 allows	 cells	 to	
recognize	 and	 bind	 to	 similar	 cells,	 which	 facilitates	 tissue	 organization29.	 In	
particular,	 epithelial	 cadherin	 (E-cadherin)	 has	 a	 pivotal	 role	 in	 tissue	
organization29,30.	E-cadherin	is	a	well	characterized	molecule	and	its	role	has	been	
determined	 in	 both	 normal	 and	 pathological	 tissue	 conditions.	 Tipically,	 this	
research	has	been	carried	out	 in	vitro	employing	cultures	of	Madin-Darby	Canine	
Kidney	 (MDCK)	 cell	 monolayers31,32.	 These	 are	 epithelial	 cells	 from	 the	 kidney	
tubule	of	an	adult	dog.	By	blocking	E-cadherin	using	anti-	E-cadherin	antibodies,	it	
has	 been	 shown	 that	 these	 molecules	 are	 necessary	 for	 the	 formation	 of	 AJs31.	
Moreover,	 inhibition	 of	 E-cadherin	 expression	 revealed	 that	 it	 also	 affects	 the	
localization	 of	 basolateral	 proteins,	 thus	 disrupting	 the	 epithelial	 apico-basal	
polarity32.	On	 the	other	hand,	downregulation	of	E-cadherin	has	been	associated	
with	 epithelial-mesenchymal	 transition	 (EMT)33.	 The	 EMT	 is	 correlated	with	 the	
loss	of	epithelial	morphology	and	the	acquisition	of	mesenchymal	characteristics.	
EMT	 is	 involved	 in	 physiological	 processes	 such	 as	 embryonic	 development	 and	
pathological	processes	such	as	cancer,	and	indicates	the	transition	from	collective	
migration	 to	 single-cell	 invasion,	 where	 cells	 lose	 their	 cell-cell	 junctions	 via	 a	
variety	of	mechanisms33.	
Finally,	 the	 intercellular	 structures	named	desmosomes	provide	 strong	 adhesion	
between	cells	because	they	link	to	the	intermediate	filament	cytoskeleton	and	form	
the	adhesive	bonds	in	a	network	that	give	mechanical	strength	to	epithelial	tissues34.	
The	 adhesion	 of	 desmosomes	 is	 mediated	 by	 members	 of	 the	 cadherin	 family,	
specifically	 the	 desmosomal	 cadherins.	 These	 cadherins	 tail	 through	 a	 series	 of	




,%;:%0+1! %D! 6';*/*/! '/1! ,%66'3+/! $=:+! .Q@! 5+66^85O! */$+&',$*%/0! &+3#6'$+! ,+66!
:%6'&*$=A!1*DD+&+/$*'$*%/A!3&%e$9A!':%:$%0*0!'/1!3+/+!+H:&+0*%/Ml@!"!:*%/++&!;%1+6!
D%&! $9+! 0$#1=! %D! ,+66^85O! */$+&',$*%/0! */?%6?+1! $9+! ,#6$#&+! %D! '! ;%/%6'=+&! %D!
+:*$9+6*'6!,+660!3&%e/!%/$%!'!:&%$+*/!;'$&*H!'/1!,%?+&+1!B=!;%&+!:&%$+*/!;'$&*HM`@!
O)5i!'/1!P%&;'6!O#&*/+!O';;'&=!J6'/1!\PO#OJ]!,+66!6*/+0!'/1!,%66'3+/!$=:+!.!
;'$&*H! 9'?+! B++/! +H$+/0*?+6=! #0+1! */! $9*0! '::&%',9@! -9+! +0$'B6*09;+/$! %D! M)!
0$&#,$#&+0!3+/+&'$+0!'!B+$$+&!#/1+&0$'/1*/3!%D!+:*$9+6*'6!,+66!%&3'/*E'$*%/@!2%$9!,+66!







0$&#,$#&+!%D! 0%;+!+:*$9+6*'6!%&3'/0@!O)5i!'33&+3'$+0! */!'! ,%66'3+/! $=:+! .!;'$&*H!
+H9*B*$+1! $9+! B'0'6^%#$! :%6'&*$=! 1+0,&*B+1! D%&! $9+! ;'$&*H^,%?+&+1! ;%/%6'=+&0!




0+,&+$+1!:&%$+*/!;*H$#&+! &*,9! */! 6';*/*/!'/1!,%66'3+/! .Q]!%&! */! ,%66'3+/^O'$&*3+6!
;*H$#&+0A!:&%6*D+&'$+1!'/1!D%&;+1!'33&+3'$+0!e*$9!B'0'6^%#$!:%6'&*$=!$9'$!+/,6%0+1!
'! ,+/$&'6! 6#;+/Mbokc@! G%e+?+&A! $9*0! :%6'&*$=! *0! */?+&$+1! e9+/! 5',%^f! ,+660! '&+!
;#$'$+1!$%!B+!'/%*g*0!&+0*0$'/$A!0%!,+66!1+'$9!*0!:&+?+/$+1!e9+/!$9+=!'&+!1+$',9+1!
D&%;! $9+! 0#&&%#/1*/3! 85OA! '/1! '&+! +;B+11+1! */! '! ,%66'3+/^O'$&*3+6! ;*H$#&+!
\Z*3#&+!c@k!\,]]kc@!!
"#$%&'!()J)!*+,!Y48349+0!#.+$'!43!/WE!*6+:+0!+85!0+1'&+0!54.+#8:,B!"F<91#8!+85!9'00!8%90'#!34&!X@YL!9'00:







S+8$! '1! +0)B! (NNE)! *9,! Y48349+0! #.+$'! 43! "F<91#8! +85! 9'00! 8%90'#! 34&! Y+94FC! 9'00:! '.6'55'5!>#12#8! +





,+660! e+&+! *;;+1*'$+6=! '/1! &+:&%1#,*B6=! 1*0$*/3#*09'B6+! \Z*3#&+! c@W! \']]kfAkM@!
P%&;'6! ,+660! +/$+&+1! */! 3&%e$9! '&&+0$! '/1! %&3'/*E+1! */! B'0'6^%#$! :%6'&*E+1!
'33&+3'$+0@! ./! ,%/$&'0$A! $#;%&! ,+660! D%&;+1! 1*0%&3'/*E+1!;'00+0kM@! ./$+&+0$*/36=A!
e9+/!$#;%&'6!,+660!e+&+!,#6$#&+1!e*$9*/!'!9+'6$9=!85OA $9+=!0#,,+00D#66=!&+?+&$+1!
$9+*&!;'6*3/'/$! :9+/%$=:+! \Z*3#&+! c@W! \B]]kk@! -'g+/! $%3+$9+&A! $9+0+! +H:+&*;+/$0!
1+;%/0$&'$+1!$9'$!+:*$9+6*'6!$*00#+!%&3'/*E'$*%/A!'/1!*/!:'&$*,#6'&!,+66!:%6'&*E'$*%/A!




'O2#6#1'5! $&4>12! +&&':1! +85! 4&$+8#Q'5! #814! 6+:+0F4%1! +$$&'$+1':! *+9#8#F0#R'! :1&%91%&':,! *%//'&! &4>,)! H8
9481&+:1B!.+..+&7!1%.4&+0!9'00:!9481#8%'!14!/&40#3'&+1'! #814!5#:4&$+8#Q'5!.+::':!*04>'&!&4>,)!<5+/1'5
>#12!/'&.#::#48! 3&4.!S'+='&!'1!+0)B!(NNW)! *6,!Y48349+0! &'/&':'81+1#='! #.+$':!43!"F<91#8!+85!8%90'#!43











creates	 a	 basement	 membrane	 to	 which	 integrins,	 the	 main	 cellular	 receptors	
mediating	cell-substrate	adhesions,	can	attach45.	When	the	ability	of	MDCK	cells	to	
assemble	endogenous	laminin	is	impaired	by	using	genetic	models,	the	polarity	of	
the	MDCK	 aggregates	 is	 reverted45.	 However,	when	 the	 culture	 is	 supplemented	





Although	 these	 3D	 culture	 models	 have	 been	 able	 to	 recapitulate	 the	 epithelial	
morphogenesis,	they	do	not	offer	the	possibility	of	studying	individual	contributions	
of	 cell-cell	 and	 cell-ECM	 interactions.	Moreover,	 the	 3D	 aggregates	 embedded	 in	
ECM	 are	 randomly	 distributed	 and	 heterogeneous	 in	 size,	 which	 complicates	
standardization,	 the	 use	 of	 conventional	 microscopy	 for	 experimental	 data	





fibronectin	 concentration	 grew	 into	 large	 and	 flat	 monolayers,	 whereas	 on	 low	
fibronectin	 concentration	 cells	 form	 aggregates.	 Another	 example	 used	 primary	
hepatocytes	and	Matrigel	as	substrate47.	The	authors	observed	how	reducing	 the	
Matrigel	 concentration	 (1	 -	 0.01	 µg	 cm-2)	 changed	 the	 cell	 organization	 from	
monolayers	 to	 aggregates.	 It	 is	 worth	 noticing	 that	 these	 approaches,	 however,	
involve	 the	 use	 of	 ECM	 protein	 concentrations	 which	 are	 several	 orders	 of	
magnitude	below	the	ones	found	in	the	3D	and	tissue	matrices.	
1.2.3 Wetting/de-wetting	analogies	to	explain	epithelial	tissue	behavior	




drop	 can	 spread	 creating	a	 film	 (complete	wetting),	 or	 it	 can	 stay	as	 a	drop	 in	a	
partial	wetting	situation	and	forming	a	certain	contact	angle	with	the	surface	at	the	
equilibrium.	On	the	other	hand,	a	liquid	thin	film	forced	to	contact	a	surface	using,	
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cell	 aggregates	 were	 placed	 on	 fibronectin-coated	 substrates	 (adhesive),	 a	
precursor	film	of	cells	spread	around	the	aggregates	(S	>	0,	wetting).	 In	cohesive	
aggregates	that	have	strong	cell-cell	contacts	(high	expression	of	E-cadherin),	this	
cell	 film	was	a	continuous	monolayer.	 In	contrast,	 in	weakly	cohesive	aggregates	
(lower	E-cadherin	expression)	 individual	 cells	detached	 from	 the	aggregates	and	
spread58.	This	could	be	interpreted	as	a	wetting	transition	from	a	liquid	to	a	2D	gas	






example,	 cells	 of	 S-180	 spheroidal	 aggregates	 deposited	 on	 fibronectin-coated	
polydimethylsiloxane	(PDMS)	substrates	with	high	stiffness	(~1.8	MPa)	spread	and	
formed	 cellular	monolayers	 expanding	 around	 the	 aggregates.	 Conversely,	 these	
aggregates	 remained	 spherical	 on	 fibronectin-coated	 polyacrylamide	 (PA)	
hydrogels	with	lower	stiffness	(<	8	kPa)59.		
On	 the	 other	 hand,	 de-wetting	 of	 epithelial	monolayers	 has	 also	 been	 tested.	 By	
culturing	mouse	sarcoma	cells	on	top	of	PEG-coated	substrates	(non-adhesive)	or	
soft	substrates,	cells	spontaneously	withdraw	from	the	surface	to	form	aggregates	














matrices.	 However,	 traditionally	 these	 culture	 models	 have	 had	 several	
shortcomings	based	on	their	limited	resemblance	to	normal	epithelia.	In	the	latest	
years,	 new	 opportunities	 have	 been	 available	 in	 the	 field	 through	 the	 culture	 of	




structures	 that	 resemble	 in	 their	 multicellular	 cell	 composition,	 function	 and	
architecture	to	specific	epithelial	tissues	and	organs64,65.	They	are	formed	upon	the	





composition,	 structure,	 and	 function	 of	 the	 organ	 in	 vivo	 and	 allow	 long-term	
expansion.	Thus,	they	have	become	the	gold	standard	in	vitro	culture	model	of	these	






is	 easy	 to	 assess	 in	 vitro73.	 Organoids	 are	 also	 used	 as	 models	 to	 perform	
toxicological	 studies74.	 For	 example,	 liver	 and	 cardiac	 organoids	 derived	 from	
humans	 indicated	 toxicity	 to	 mercury	 and	 glyphosate	 but	 at	 higher	 doses	 than	
observed	with	cultured	cell	lines	or	animal	models75.	
1.3.1 Intestinal	organoids	




by	 an	 epithelial	monolayer	 containing	 several	 cell	 types,	 including	 differentiated	
and	proliferative	cells	(Figure	1.8	(a)).	Such	cell	types	are	distributed	and	highly-




containing	G	protein-coupled	receptor	5).	These	 ISCs,	 together	with	 the	so-called	
Paneth	cells	reside	at	the	bottom	of	crypts.	ISCs	undergo	self-renewal	and	generate	
transit-amplifying	 (TA)	 cells,	 which	 migrate	 upwards	 the	 top	 of	 the	 crypt	
compartments78.	 Absorptive	 enterocytes,	 mucus-secreting	 goblet	 cells,	 and	
hormone-secreting	 enteroendocrine	 cells	 arise	 from	 TA	 cells	 and	 continue	 their	
migration	up	along	the	crypt-villus	axis.	After	reaching	the	villus	tips,	cells	undergo	
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(dpi),	which	was	mainly	 nuclear	 at	 2	 dpi,	 and	by	4	 dpi	 returned	 to	 a	 prominent	
cytoplasmic	 localization89.	 However,	 the	 function	 of	 YAP	 in	 the	 intestinal	
development	 or	 homeostasis	 is	 not	 clear.	 Although	 a	 recent	 paper	 using	
in	vivo	delivery	of	 interfering	RNAs	against	YAP	suggested	that	YAP	may	regulate	
intestinal	 epithelial	 proliferation	 and	 goblet	 cell	 differentiation90,	 other	 papers	
showed	that	the	genetic	removal	of	YAP	had	no	apparent	phenotype	in	 intestinal	
epithelium	during	homeostasis89.	
Besides	 the	 signals	 originated	 at	 the	 epithelium,	 non-epithelial	 (stromal)	 cells	
residing	 in	 the	 intestinal	 lamina	 propria	 such	 as	 fibroblasts,	 myofibroblasts,	
endothelial	 and	 immune	 cells,	 also	 secrete	 biomolecules	 impacting	 the	 intestinal	
epithelial	 organization	 through	 Wnt,	 Notch	 and	 BMP	 signaling	 pathways91.	 For	
example,	Wnt	signals,	which	play	a	crucial	role	in	regulating	the	proliferation	and	
organization	of	epithelial	cells,	arise	from	multiple	cell	sources	in	the	tissue92–94.	In	
addition	 to	 being	 secreted	 by	 Paneth	 cells	 located	 at	 the	 epithelial	 monolayer,	
stromal	cells	such	as	myofibroblasts	also	secrete	Wnt	molecules94–96.	Indeed,	it	has	
been	reported	that	in	vivo	the	absence	of	Paneth	cells	does	not	disrupt	the	normal	
intestinal	 homeostasis,	 while	 intestinal	 organoids	 development	 is	 dependent	 on	
Paneth	cells	as	a	source	of	Wnt	signaling,	thus	evidencing	the	multiple	sources	of	
this	signal	in	vivo97–99.	Given	these	redundant	sources	of	signaling,	it	is	unclear	which	
role	 is	 performed	 by	 each	 signal	 in	 regulating	 the	 epithelium.	 However,	what	 is	
known	 is	 that	 the	 disruption	 of	 tissue	 homeostasis	 is	 a	 critical	 event	 linked	 to	









been	 successfully	 used	 for	 the	 culture	 of	 intestinal	 organoids	 because	 of	 its	
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fully	grown	organoids.	This	 result	 suggests	 that	 single	stem	cells,	only	 in	contact	















Recently,	 there	 is	 an	 increased	 interest	 in	 intestinal	 epithelial	 monolayers	 that	
recapitulate	 the	physiology	of	 the	 in	vivo	 tissue	while	overcoming	 the	 limitations	
imposed	by	the	closed	geometry	of	3D	organoids.	Several	attempts	to	“open-up”	the	




gelatin111,	 collagen	 type	 IV	 112	 or	 Matrigel	 113–115.	 The	 culture	 medium	 was	
supplemented	 with	 Noggin,	 R-spondin	 1	 and	 Wnt3a.	 Cells	 in	 these	 cultures	
displayed	a	characteristic	polarized	morphology	and	markers	of	mature	intestinal	
epithelium	such	as	tight	junctions.	In	addition,	these	monolayers	typically	formed	a	
continuous	 barrier	 with	 a	 transepithelial	 electrical	 resistance	 (TEER)	 that	 is	
sufficiently	 high	 to	 support	 physiological	 assays	 such	 as	 immunoglobulin	 A	
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factor	 (EGF),	 Noggin,	 R-spondin	 1	 and	 sometimes	 CHIR99021	 and	 valproic	 acid.	
These	 intestinal	monolayers	 produce	 all	major	 intestinal	 cell	 types	 and	 cells	 are	
properly	 polarized	 (Figure	 1.12	 (c-d)).	 To	 mimic	 the	 luminal	 and	 stromal	
compartments	 of	 the	 tissue	 in	 vivo,	 monolayers	 are	 often	 grown	 on	 Transwell	
inserts,	which	allow	the	addition	of	different	cell	culture	media	at	the	apical	and	at	
the	 basal	 chambers.	 When	 cultured	 with	 the	 proper	 biochemical	 factors,	 these	
monolayers	 can	 be	 maintained	 for	 up	 to	 20	 days	 preserving	 their	 self-renewal	
properties	 and	 maintaining	 the	 spatial	 cell	 compartmentalization	 in	 crypt-	 and	
villus-like	 domains	 for	 up	 to	 2	 months119.These	 results	 revealed	 the	 synergistic	
influence	of	ECM	stiffness,	porosity	and	composition	on	the	compartmentalization	
of	the	organoid-derived	intestinal	epithelial	monolayers.	
Because	 of	 their	 2D	 format,	 these	monolayers	 allow	 the	 systematic	 study	 of	 the	
perturbation	 of	 signals	 such	 as	 Wnt	 and	 BMP120.	 These	 signals	 are	 factors	 that	
regulate	cell	proliferation	 in	 the	 intestinal	epithelium	 in	 the	opposite	way.	While	
Wnt	 promotes	 stem	 cell	 renewal	 and	 thus,	 proliferation,	 BMP	 promotes	 cell	
differentiation.	In	a	set	of	enlightening	experiments,	these	endogenous	signals	were	
perturbed	 through	 inhibition	via	 IWP-2	 for	Wnt	and	 inhibition	via	LDN	 for	BMP.	
Also,	the	signals	were	exogenously	modified	by	varying	the	composition	of	the	cell	
culture	 medium	 employed.	 Although	 the	 monolayers	 did	 not	 have	 tissue	
architecture	nor	non-epithelial	 components,	 this	 study	 revealed	 that	 a	 feedback-
loop	between	intrinsic	Wnt	and	BMP	signals	is	established	(Figure	1.13	(a))	and	it	is	
responsible	 for	 the	 monolayer	 organization	 and	 the	 maintenance	 of	 the	
homeostasis120.	In	addition,	while	proliferation	of	the	cultures	can	be	recovered	in	
the	absence	of	intrinsic	Wnt	signals	by	exogenous	stimuli,	exogenous	Wnt	or	BMP	
signals	 are	 not	 able	 to	 rescue	 tissue	 compartmentalization	 in	 the	 absence	 of	 the	
intrinsic	signaling.	
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origin	 in	 the	 epithelial	 organization	 and	 the	 maintenance	 of	 the	 homeostatic	
behavior.		
Within	 this	 context,	 the	 central	 challenge	of	 this	 thesis	has	been	 to	propose	well	
controlled	systems	through	which	we	could	explore	the	effects	of	substrate-derived	
cues	 in	 driving	 the	 self-organization	 of	 organoid-derived	 intestinal	 epithelia.	 For	








intestinal	 organoids	 since	 they	 recapitulate	 key	 parameters	 of	 the	 in	 vivo	 tissue.	
These	models	allow	the	study	of	epithelial	tissue	organization	and	have	confirmed	
the	crucial	role	of	the	crosstalk	between	substrate-derived	cues	and	cell-dependent	




retrieved.	 The	 recent	 development	 of	 organoid-derived	 intestinal	 epithelial	
monolayers	that	also	recapitulate	the	physiology	of	the	tissue	in	vivo	provided	new	





• To	 assess	 the	 role	 of	 ECM	 cues	 in	 driving	 the	 self-organization	 of	 organoid-
derived	intestinal	epithelia.	Specifically,	to	assess	the	impact	of	ECM	density	and	
composition	 in	 cell	 self-assembly	 process	 that	 guides	 the	 transition	 between	
scattered	 organoid-derived	 single	 cells	 to	 fully	 grown	 intestinal	 monolayers	
compartmentalized	in	crypt-	and	villus-like	domains.	
• To	optimize	and	characterize	a	platform	to	allow	for	the	precise	localization	of	
epithelial	 or	 stromal	 cell-derived	 signals	 in	 a	 surface-bound	manner	 through	
micro-patterning	 technology.	 To	 evaluate	 the	 effects	 of	 these	 cell-derived	








Caco-2	 cells,	which	 correspond	 to	 a	human	 colon	 adenocarcinoma	 cell	 line,	 have	
been	extensively	 employed	 to	model	 the	 intestinal	 epithelium	 in	 vitro	 since	 they	
display	many	physiological	 and	morphological	 features	of	mature	enterocytes122.	
Madin-Darby	 Canine	 Kidney	 (MDCK)	 cells	 have	 been	 widely	 used	 as	 in	 vitro	









Preliminary	 tests	 were	 carried	 on	 employing	 NIH/3T3	 mouse	 embryonic	
fibroblasts.	These	cells	were	selected	because	they	endogenously	express	the	EphB2	
receptor124	and	they	rapidly	attach	and	spread	on	the	chosen	substrates125,126.		
Caco-2	 cells	 (ATCCÒ	 HTB-37TM),	 MDCK	 cells	 (ATCCÒ	 CC-34TM)	 and	 NIH/3T3	
fibroblasts	 (ATCCÒ	 CRL-1658™)	were	 cultured	at	37°C	 in	 a	humidified	 incubator	
under	 a	 5%	 CO2	 atmosphere.	 Culture	 medium	 was	 DMEM	 (Gibco)	 medium	
supplemented	 with	 10%	 Fetal	 Bovine	 Serum	 (FBS)	 (Life	 Technologies),	 1%	 L-
glutamine	 (Gibco),	 1%	 sodium	 pyruvate	 (Invitrogen),	 and	 1%	 Penicillin-
Streptomycin	(Sigma-Aldrich).	Additionally,	Caco-2	cells	culture	medium	included	
1%	Minimum	Essential	Medium	Non-Essential	Amino	Acids	solution	(MEM-NEAA,	
Gibco,	 Thermofisher).	 For	 the	 experiments,	 cells	 were	 rinsed	 with	 Phosphate	
Buffered	Saline	solution	(PBS)	(Life	Technologies)	at	37°C	before	adding	Trypsin-
EDTA	(Life	Technologies)	at	37°C.	Caco-2	cells	were	incubated	for	5	minutes,	MDCK	












Primary	 cells	 represent	 advanced	 culture	 models	 and	 should	 potentially	
recapitulate	 in	 vitro	 the	 physiology	 of	 their	 original	 tissue	 in	 vivo.	 Therefore,	we	







Lgr5-EGFP-IRES-creERT2	 mice	 were	 generated	 by	 homologous	 recombination	 in	
embryonic	stem	cells	targeting	the	EGFP-IRES-creERT2	cassette	to	the	ATG	codon	of	
the	 stem	 cell	 marker	 Lgr5	 locus,	 allowing	 the	 visualization	 of	 Lgr5+	 stem	 cells	
located	 in	 the	 crypts	 of	 the	 mouse	 intestines	 through	 the	 expression	 of	 green	
fluorescent	 proteins	 (GFP).	 The	 Lgr5-EGFP-IRES-creERT2	 mice	 were	 kindly	
provided	 by	 the	 Laboratory	 of	 Prof.	 Eduard	 Batlle	 at	 Institute	 for	 Research	 in	
Biomedicine	(IRB,	Barcelona,	Spain).	
3.2.2 Intestinal	crypt	isolation	and	organoid	culture	
Intestinal	 crypts	 from	Lgr5-EGFP-IRES-creERT2	mice	were	 isolated	 as	 previously	
described	(Figure	3.1	(a))127,128.	Briefly,	small	intestines	were	flushed	with	PBS	and	
cut	 longitudinally.	 Intestinal	 villi	 were	 removed	mechanically,	 and	 the	 intestinal	





(Invitrogen)	 plus	 1%	 Glutamax	 (Gibco),	 1%	 HEPES	 (Sigma-Aldrich),	 Normocin	
(1:500,	Invitrogen),	2%	B27	(Gibco),	1%	N2	(Gibco),	and	1.25	mM	N-acetylcysteine	
(Sigma-Aldrich).	 The	 medium	 was	 supplemented	 with	 recombinant	 murine	
epidermal	 growth	 factor,	 EGF	 (100	 ng	mL-1,	 Gibco),	 recombinant	murine	Noggin	
(100	ng	mL−1,	Peprotech),	and	recombinant	human	R-spondin	1	(200	ng	mL−1,	R&D	
Biosystems)	 to	 obtain	 what	 we	 called	 ENR-medium.	 This	 medium	was	 changed	
every	2	 to	3	days.	For	 the	 first	4	days	of	culture,	Rho	kinase	(ROCK)	 inhibitor	Y-
27632	(10	µM,	Sigma-Aldrich)	was	added	to	the	medium.	ROCK	inhibitor	was	used	
to	block	anoikis129,	which	is	a	cell	death	mechanism	that	might	occur	in	anchorage-
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was	 Alexa	 FluorÒ	 647	 donkey	 anti-rabbit	 (Jackson	 ImmunoResearch)	 diluted	 at	
1:500	and	it	was	incubated	on	Matrigel	drops	for	2	hours	at	RT.	Alexa	FluorÒ	568	
phalloidin	was	used	to	stain	filamentous	actin	(F-actin).	Nuclei	were	stained	with	














group119	 but	 introducing	 slight	 changes.	 In	 short,	 Matrigel	 drops	 containing	
organoids	were	enzymatically	disrupted	by	pipetting	them	with	TrypLE	Express1X	
(Gibco).	The	TrypLE	Express1X	activity	was	previously	reduced	by	heating	it	at	37°C	
for	1	hour	 in	a	water	bath.	The	 solution	 containing	 the	disrupted	organoids	was	
transferred	to	a	Falcon	tube	at	4°C,	where	enzymatical	disruption	was	followed	by	
mechanical	 disruption	 using	 a	 syringe	with	 a	 23	G	 1”	 needle	 (BD	Microlance	 3).	
Single	 cells	 or	 small	 cell	 clusters	were	 obtained	 by	 incubating	 such	 solution	 for	
approximately	5	minutes	at	37°C	under	agitation	every	minute	and	centrifuged	at	
1000	 rpm	 for	 5	 minutes.	 When	 seeded	 in	 culture	 for	 our	 experiments,	 these	
organoid-derived	 single	 cells	 were	 cultured	 with	 ENR_CV-medium	 plus	 ROCK	
inhibitor	Y-27632	(10	µM,	Sigma-Aldrich)	to	prevent	anoikis129.		




(Mattek)	 following	 the	 experimental	 set-up	 depicted	 in	 Figure	 3.2,	 which	 was	


















	 %Acrylamide	 %Bis-acrylamide	 Young’s	modulus	(kPa)		
PA1	 7.5	 0.050	 3	±	1	
PA2	 12	 0.150	 37	±	6	
37145	PA3	 12	 0.600	 145	±	7	
 
Table 3.1. List of polyacrylamide (PA) hydrogel compositions and resulting Young’s moduli. Values were 
measured by atomic force microscopy (AFM) and are reported as mean ± SEM (N = 3). Adapted from 




and	 bis-acrylamide	 (bioRad)	 were	 varied	 (see	 Table	 3.1).	 These	 prepolymer	
solutions	 were	 mixed	 with	 0.05%	 (w/v)	 ammonium	 persulfate	 (Serva)	 and	 1%	
(v/v)	 tetramethylethylenediamine	 (TEMED)	 (Sigma-Aldrich).	 Immediately	 after	
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molecular	 composition,	 rich	 in	 laminin	 and	 collagen	 IV,	 which	 is	 similar	 to	 the	
basement	membrane	of	the	intestinal	epithelial	tissue66,100,101.	Matrigel	was	used	at	
the	 stock	 concentration	 or	 as	 diluted	 Matrigel	 solutions.	 Matrigel	 solutions	 at	
different	 concentrations	 were	 prepared	 by	 diluting	 Matrigel	 in	 DMEM/F-12	
(Invitrogen).	The	Matrigel	concentrations	used	ranged	between	0.25	and	10	mg	mL-1.	
Collagen	type	I	(high	concentration,	rat	tail,	Corning)	was	employed	as	an	alternative	











with	 10	 μL	 cm-2	 of	 the	 ECM	 solutions.	 To	 achieve	 good	 surface	 coverage,	
reproducible	 results,	 and	 avoid	 the	 formation	 of	 bubbles,	 these	 solutions	 were	
slowly	spread	 throughout	 the	substrate	surfaces	releasing	 them	from	the	pipette	
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Young’s	 moduli	 of	 the	 Matrigel	 films	 on	 PA	 hydrogels	 were	 measured	 in	 liquid	
conditions	keeping	the	hydrogels	with	a	PBS	drop126,136.	We	used	a	NanoWizard®	4	
Bioscience	 atomic	 force	 microscope	 (AFM)	 (JPK	 Instruments)	 mounted	 onto	 an	
inverted	 microscope	 (Eclipse	 Ti	 Series,	 Nikon)	 to	 perform	 indentation	
measurements.	At	least	three	regions	per	hydrogel	and	ten	indentations	per	region	
were	done	to	obtain	statistically	meaningful	values.	Silicon	nitride	pyramidal	tips	
(NanoWorld)	 with	 nominal	 spring	 constants	 of	 0.08	 N	m-1	 were	 employed.	 The	
deflection	sensitivity	was	calibrated	by	 repeated	contact	mode	 indentations	on	a	
clean	glass	slide.	To	obtain	the	elastic	modulus	of	the	samples,	the	Hertz	model	for	a	








cultured.	 For	 the	 experiments	 employing	Caco-2	 cells,	 2	 104	 cells	 per	 drop	were	
cultured.	 For	 the	 experiments	 employing	MDCK	 cells,	 5	 104	 cells	 per	 drop	were	
cultured.	These	cell	densities	were	individually	selected	as	those	allowing	to	obtain	















were:	 anti-GFP	 (1:100,	 Life	 Technologies),	 anti-GFP	 (1:100,	 Abcam),	 anti-Ki67	
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were	 subjected	 to	 a	 median	 filter	 with	 a	 radius	 of	 1	 µm	 to	 remove	 the	 noise,	
homogenize	the	staining,	and	prevent	losing	the	edges.	In	the	case	of	cell	aggregates,	
which	were	segmented	using	the	F-actin	staining	images,	these	were	subjected	to	a	




threshold,	 individual	 structures	 with	 overlapping	 contours	 were	 separated	
performing	 a	 watershed	 segmentation,	 while	 incomplete	 structures	 overlapping	





as	(𝑚𝑎𝑗𝑜𝑟	𝑎𝑥𝑖𝑠 − 𝑚𝑖𝑛𝑜𝑟	𝑎𝑥𝑖𝑠) (𝑚𝑎𝑗𝑜𝑟	𝑎𝑥𝑖𝑠 + 𝑚𝑖𝑛𝑜𝑟	𝑎𝑥𝑖𝑠)⁄ .	With	this	definition,	the	
elongation	index	equals	0	for	a	circle,	and	has	a	maximum	value	of	1	corresponding	








the	 area	 of	 their	 convex	 hull:	 𝑎𝑟𝑒𝑎 𝑐𝑜𝑛𝑣𝑒𝑥_𝑎𝑟𝑒𝑎⁄ .	 Whereas	 a	 perfectly	 convex	
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to	 a	 purely	 deterministic	 motion),	 and	 it	 becomes	 non-zero	 in	 the	 presence	 of	
perturbations.	The	second	moment	was	employed	to	compare	networks	resulting	
from	different	experimental	systems52,138.	
3.5.6 Time-lapse	microscopy	 experiments	 and	 quantification	 of	 cell	migration	 on	
ECM-coated	substrates	
Organoid-derived	single	cells	migration	on	ECM-coated	substrates	was	monitored	




GFP	 images	of	 cells	 every	5-10	minutes	 for	up	 to	24	hours.	The	microscope	was	
equipped	 with	 thermal,	 CO2	 and	 humidity	 controls.	 Sequential	 couples	 of	 phase	




The	 time-lapse	 fluorescence	 images	 of	 GFP+	 signals	 were	 pre-processed	 using	
ImageJ	software.	Their	background	noise	was	reduced	with	the	subtract	background	
function	by	using	a	 rolling	ball	 radius	of	10	µm.	The	 resulting	 images	were	 then	
subjected	to	a	mean	filter	with	a	radius	of	1	µm	to	homogenize	the	staining.	The	pre-
processed	images	were	then	loaded	to	the	TrackMate	plugin139,	which	tracked	the	




Data	 analysis	 was	 performed	 using	 two	 different	 custom-made	 codes	 in	 Matlab	
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Micro-contact	 printing	 is	 a	 widely	 employed	 technique	 to	 transfer	 biomolecular	




in	 Figure	 3.12	 (a).	 First,	 a	 silicon	master,	 which	 contained	 the	 microfeatures	 of	
interest	(Figure	3.12	(b)),	was	fabricated.	For	this,	high-quality	acetate	photomasks	



















processes	 involving	 UV-photolithography	 and	 reactive	 ion	 etching	 (D+T	
Microelectrónica	AIE).	The	masters	had	a	height	of	1	μm	for	the	design	(1)	and	3	μm	
for	the	design	(2).	This	ratio	between	the	feature	dimensions	and	height	avoids	the	
collapse	 of	 the	 printed	 structures	 and	 facilitates	 the	 transfer	 of	 patterns	 over	
relatively	 large	areas.	Then,	masters	were	silanized	to	 facilitate	 the	demolding	of	
PDMS	replicas	that	would	be	later	used	as	stamps	for	the	patterning	process	142.	To	
that	aim,	the	silicon	masters	were	first	cleaned	with	Milli-Q	water,	acetone	(PanReac	
Applichem),	 and	 isopropanol	 (PanReac	 Applichem)	 and	 dried	 using	 nitrogen.	





e+&+! :6',+1! */$%! '! 1+0*,,'$%&! e*$9! '! 0;'66! ?*'6! ,%/$'*/*/3! c! %&! f! 1&%:0! %D!








>'&'! %:'5! +:! :1+./:! 14! 1&+8:3'&! /&41'#8:! 4814! 12'! :%&3+9'! 43! 12'! :%6:1&+1':! *J,)! *6,! P'/&':'81+1#='
6&#$213#'05! #.+$':!43! 12&''!:#0#948!.+:1'&:!>#12!5#33'&'81!5':#$8:!:24>#8$! 12'#&!92+&+91'&#:1#9!5#.'8:#48
/+&+.'1'&:I!&#5$'!+85!/#192!>#512!*;,k!9#&90'!5#+.'1'&!*s,B!+85!#81'&54.+#8!:/+9#8$!*),)!!
K)OU! &+:6*,'0! e+&+! D&+096=! :&+:'&+1! $%! B+! #0+1! '0! 0$';:0! '/1! $&'/0D+&!
B*%;%6+,#6+0!$%!$9+!0#B0$&'$+0!%D! */$+&+0$0@!-%!$9'$!'*;A!'!;*H$#&+!%D!U=63'&1!cak!
U*6*,%/!86'0$%;+&!'/1!,#&*/3!'3+/$!\)%e5%&/*/3]!'$!'!&'$*%!%D!cd(c!eme!e'0!#0+1@!






:&%$+*/0! %D! */$+&+0$! '/1! #0+1! '0! 0$';:0! $%! :'$$+&/! $9+! 0#B0$&'$+0! #0+1! D%&! ,+66!
,#6$#&+@! K)OU! &+:6*,'0!e+&+! */,#B'$+1! D%&! kW!;*/#$+0! '$! &%%;! $+;:+&'$#&+@! -%!
@+)"*$+,#%+0&%@")6'&#!
Wa!
'?%*1! +?':%&'$*%/! %D! $9+! :&%$+*/! 0%6#$*%/0! 1#&*/3! $9+! */,#B'$*%/A! $9*0! e'0!
:+&D%&;+1!#/1+&!;%*0$#&+@!_/,+! */,#B'$+1A! $9+!K)OU!0$';:0!e+&+!e'09+1!e*$9!
K2U!'/1!O*66*^V!e'$+&!'/1!'*&^1&*+1@!Z*/'66=A!$9+!K)OU!0$';:0!e*$9!$9+!:&%$+*/0!%/!
$9+*&!0#&D',+0!e+&+!:#$! */!,%/$',$!e*$9! $9+!0#B0$&'$+0! D%&!cd!;*/#$+0! $%! $&'/0D+&!






0$';:0!e+&+! #0+1! 1*&+,$6=! %/! $9%0+! 0#&D',+0@! G%e+?+&A! e9+/! $9+!;*,&%^,%/$',$!
:&*/$*/3!e'0!:+&D%&;+1!%/$%!0%D$!9=1&%3+60!0#,9!'0!O'$&*3+6A!$9+0+!e+&+!:&+?*%#06=!
0#B<+,$+1!$%!'!D&++E+^1&=*/3!:&%,+00!$%!;'g+!$9+;!;+,9'/*,'66=!&+0*0$'/$!$%!0#0$'*/!
$9+!K)OU! 0$';:!:&+00#&+A! D%66%e*/3! '!:&%,+00!1+?+6%:+1!B=!%#&! &+0+'&,9! 3&%#:!
\Z*3#&+! M@cM]cfW@! ./! 09%&$A! .B*1*! :6'$+0!e+&+! ,%'$+1!e*$9! fdd! {S! ,;^f! %D!O'$&*3+6!
0%6#$*%/!\1*6#$+1!'$!d@fW!;3!;S^c]!\0++!0+,$*%/!M@k]@!"D$+&!3+6'$*%/!\c!9%#&!'$!M`y5]A!
$9+!+H,+00!%D!$9+!0%6#$*%/!e'0!&+;%?+1A!'/1!0';:6+0!e+&+!,'&+D#66=!&*/0+1!D*&0$!e*$9!
K2U! '/1! $9+/! e*$9! O*66*^V! e'$+&! $%! '?%*1! $9+! :&+0+/,+! %D! 0'6$0@! U#B0+F#+/$6=A!
0';:6+0!e+&+!D&++E+^1&*+1!B=!*;;+&0*%/!*/!6*F#*1!/*$&%3+/!'/1!?',##;!1&*+1!D%&!fk!
9%#&0!'$!^Wdy5!'/1!d@dl!;B'&!%D!:&+00#&+!\c^k!S)^fA!59&*0$!"6:9']@!O'$&*3+6!0';:6+0!
:&+:'&+1! D%66%e*/3! $9*0! :&%,+00! e+&+! ,9'&',$+&*E+1! B=! $9+! *;;#/%0$'*/*/3! %D!











Micro-contact	 printing	was	 then	 carried	 out	 on	 the	 freeze-dried	Matrigel.	 As	 no	







(Abcam),	 recombinant	 mouse	 EphB2/Fc	 receptor	 (R&D	 Systems),	 recombinant	
mouse	ephrinB1/Fc	 ligand	 (R&D	Systems)	or	 recombinant	Human	 IgG1	Fc	 (R&D	
Systems).	The	protein	concentrations	were	 individually	 selected	 for	each	protein	
and	are	listed	in	table	3.2.		
 
	 Wnt3a	 EphB2/Fc	 ephrinB1/Fc	 Fc	
µg	mL-1	 10	 100	 69.0	 69.0	
 
Table 3.2. List of micro-contact printed proteins and their selected concentrations.  
 
It	is	worth	mentioning	that	Eph	receptor	activity	requires	stimulation	not	by	a	single	
ligand,	but	by	clusters	of	ephrinB1	 ligand	 to	 initiate	 its	downstream	signaling143.	
Moreover,	 the	 ligand	 itself	 is	 actually	 commercialized	 as	 a	 dimer,	 where	 two	
ephrinB1	molecules	 are	 fused	 to	 immunoglobulin	Fc	molecules	 and	 form	dimers	
upon	 binding	 through	 the	 disulfide	 groups.	 Fc	 groups	 are	 then	 used	 to	 produce	
ligand	 clusters	 through	 their	 binding	using	 anti-Fc	 antibodies.	 Therefore,	 for	 the	
patterning	experiments,	the	oligomers	were	prepared	conjugating	ligand	(ephrinB1	





ephrinB1	 were	 determined	 by	 dynamic	 light	 scattering	 (DLS)	 as	 we	 previously	
published144.	The	particle	size	distribution	was	computed	from	the	intensity	values	
obtained	at	25°C	using	a	Möbius	 instrument	 (Wyatt	Technology	Corp.)	 equipped	
with	a	532	nm	laser	and	a	163.5°	scattering	angle.	The	samples	were	prepared	as	
we	described	above.	As	control,	anti-Fc	solution	was	measured.	Measurements	were	
performed	 immediately	 after	 clustering	 using	 the	 Möbius	 dip	 cell.	 Three	
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staining	 was	 used	 to	 reveal	 the	 NIH/3T3	 fibroblast	 organization.	 When	 the	
experiments	were	finished,	NIH/3T3	fibroblasts	were	fixed	with	10%	neutralized	
formalin	(Sigma-Aldrich)	for	40	min	at	4°C,	permeabilized	with	0.5%	Triton	X-100	










on	 cells	 for	 40	 min	 at	 RT.	 Finally,	 samples	 were	 mounted	 with	 FluoromountÒ	





(Abcam)	and	 recombinant	mouse	ephrinB1/Fc	 ligand	 (R&D	Systems)	 conjugated	
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and	 cancer1,2.	 Intestinal	 epithelial	 cells	 self-organize	 into	 3-dimensional	 (3D)	
organoids	that	recapitulate	the	structural	and	functional	characteristics	of	the	tissue	
in	 vivo	 when	 embedded	 within	 a	 3D	 cell-derived	 protein	 mixture	 (Matrigel)3.	
However,	 these	 very	 same	 cells	 self-organize	 into	 2-dimensional	 (2D)	 intestinal	
epithelial	monolayers	 that	also	 recapitulate	 the	 in	vivo-like	cell	 type	composition	
and	 organization	 when	 seeded	 on	 thin	 layers	 of	 the	 same	 cell-derived	 protein	
mixture4,5.	 In	general,	and	as	described	 in	 the	 introductory	chapter	of	 this	 thesis,	









It	 has	 been	 reported	 that	 intestinal	 organoid-derived	 crypts	 can	 form	 two-
dimensional	(2D)	epithelial	monolayers	when	cultured	on	substrates	coated	with	
Matrigel	 or	 collagen102,114,116,119,120.	 On	 the	 other	 hand,	 it	 has	 been	 reported	 that	
Lgr5+	single	cells	are	able	to	form	organoids	with	all	intestinal	epithelial	cell	types	
when	 cultured	within	Matrigel	 drops66.	 Therefore,	 we	were	wondering	whether	
organoid-derived	single	cells	would	also	be	able	to	form	2D	monolayers	or	if	crypt	
pieces	would	 be	 needed	 for	 that	 purpose.	 To	 answer	 this	 question,	we	 cultured	
intestinal	organoid-derived	single	cells	on	Matrigel	thin	films.	Intestinal	organoids	
derived	 from	 Lgr5-EGFP-IRES-creERT2	 mice,	 which	 express	 GFP	 under	 the	 Lgr5	
promoter,	 were	 digested	 using	 a	 harsh	 digestion	 protocol	 to	 obtain	 single	 cells.	
These	 single	 cells	were	 then	 seeded	on	 top	 of	Matrigel	 thin	 films	 at	 10	mg	mL-1	
Matrigel	concentration	and	we	followed	their	culture	over	time.		
We	 then	 observed	 that	 indeed	 single	 cells	 were	 able	 to	 form	 2D	 epithelial	
monolayers	 after	 96	 hours	 of	 cell	 culture.	 These	 results,	 that	 we	 have	 already	
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Figure 4.1.1. (a) Scheme depicting the formation of epithelial monolayers and transient cellular network 
structures from the culture of organoid-derived single cells on thin films of Matrigel deposited at a 
concentration of 10 mg mL-1. (b) Representative snapshots of a 96 hours time-frame microscopy 
experiment overlapping bright field and GFP fluorescence signals. The corresponding time for each 
snapshot is shown in each panel. Black arrowheads indicate Lgr5-GFP+ cells. Scale bars: 200 μm. (c) 
Representative binary images from thresholded fluorescence images of F-Actin for organoid-derived single 
cell cultures after 24 or 96 hours on Matrigel at 10 mg mL-1. Scale bars: 1 mm. (c) Surface coverage 
percentage (with respect to the total surface area) as a function of culture time for organoid-derived single 
cell cultures. Values are reported as the mean ± SEM. (*) p < 0.05, (***) p < 0.001, t-test. N ³ 3 experiments. 
	
From	these	experiments,	it	was	evident	that,	even	when	organoid-derived	cells	were	
cultured	 as	 single	 cells	 and	 constrained	 to	 planar	 surfaces,	 they	 were	 able	 to	
rearrange	 and	 generate	 3D	 tubular	 network	 structures	 before	 transiting	 to	 2D	
monolayers.	 Remarkably,	 these	 3D	 structures	 were	 formed	 when	 employing	
substrates	coated	with	thin	layers	of	Matrigel	at	a	high	concentration	(10	mg	mL-1),	
the	same	that	is	used	when	cultured	these	cells	in	Matrigel	drops.	Therefore,	in	our	
system	cells	have	 the	ability	 to	generate	3D	structures	 irrespective	of	 the	matrix	
dimensionality	 (2D	 or	 3D).	 We	 then	 took	 advantage	 of	 this	 property,	 which	
facilitates	the	analysis,	to	investigate	the	role	of	cell-matrix	interactions	in	the	cell	




It	 is	 known	 that	 epithelial	 cells	 in	 vivo	 can	 form	 3D	 complex	 structures	 such	 as	
invaginations,	 evaginations,	 spherical	 cysts	 or	 tubules.	 To	 decouple	 the	 role	 of	
dimensionality	 from	 other	 factors	 governing	 the	 complex	 process	 of	 cell	 self-
organization	 such	 as	matrix	 composition	 and/or	 protein	 concentration	 is	 not	 an	
easy	 task.	 In	 our	 system,	 due	 to	 the	 ability	 of	 organoid-derived	 single	 cells	 to	
generate	 3D	 structures	 on	 thin	 layers	 of	 Matrigel,	 we	 could	 remove	 the	 role	 of	
dimensionality	and	at	the	same	time,	tune	different	parameters	affecting	the	matrix.	
Therefore,	we	decided	to	examine	whether	ECM-coating	concentration	would	affect	
intestinal	 epithelial	 cells	 organization.	 To	 investigate	 this,	 intestinal	 organoid-
derived	single	cells	were	cultured	on	deposited	thin	films	of	different	concentrations	
of	Matrigel.		
Fluorescence	microscopy	 images	 showed	 that	 on	 low	 concentrated	Matrigel	 thin	
films	 (3	mg	mL-1),	 single	 cells	 rapidly	 self-organized	 in	2D	 intestinal	monolayers	
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Concentration	(mg/mL)	 4	 5	 6		 8	 10		
𝜇"#	 4.4	 4.5	 2.7	 3.2	 3.5	
 
Table 4.1.1. Comparison of the second moments of the distributions obtained for the number of edges of 
Voronoi polygons formed by organoid-derived single cells seeded on Matrigel thin films at 4, 5, 6, 8 and 













𝜇"#	 3.7 ± 0.3	 2 − 5	 ~2	 ~1.4	
𝜇"/	 0.15 ± 0.02	 0.4 − 1.5	 ~0.3	 0.4 − 1.2	
𝜇"
0	 0.028 ± 0.004	 0.05 − 0.07	 0.03 − 0.05	 ~0.015	
 
Table 4.1.2. Comparison of the second moments of the distributions obtained for the number of edges, 
area and edge angles of Voronoi polygons formed by of organoid-derived single cells seeded on Matrigel 
thin films at a concentration of 10 mg mL-1 (Mean ± SEM), de-wetted collagen networks, de-wetted 
polystyrene networks and soap foams. 
	
We	can	see	that	regarding	the	lattice	of	polygons	formed,	the	order	of	our	cellular	
networks	 is	 close	 to	 the	 order	 shown	 by	 protein	 collagen	 networks,	 and	 both	
systems	 are	more	 disordered	 than	 synthetic	 polymer	 (polystyrene)	 networks	 or	
soap	foams.	On	the	other	hand,	both	the	second	moments	of	the	area	and	edge	angle	
distributions	 are	 smaller	 for	 the	 tubular	 networks	 formed	 by	 organoid-derived	
single	cells	than	for	any	of	the	other	systems	listed	in	the	table.	It	has	been	reported	
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timeframe	 for	 the	 different	 conditions,	 we	 found	 remarkable	 differences.	 In	
particular,	 stem	 cells	 trajectories	 were	 visibly	 much	 shorter	 for	 samples	 of	 low	
Matrigel	concentration	than	for	samples	of	high	Matrigel	concentration	(Figure	4.1.8	
(b)).	
To	 get	 quantitative	 data	 about	 stem	 cells	 migration,	 their	 mean-square	
displacements	(MSDs)	were	computed	and	plotted	against	cell	culture	time	(Figure	
4.1.9	 (a)).	 The	 values	 obtained	 for	 the	MSDs	 on	 the	 high	Matrigel	 concentration	
samples	 almost	 doubled	 those	 obtained	 for	 the	 cells	 seeded	 on	 low	 Matrigel	
concentrations,	therefore	confirming	the	dependence	of	cell	mobility	with	surface	
protein	density.	In	addition,	while	cells’	displacement	with	cell	culture	time	showed	




substrates,	 a	 value	 of	𝛼	~	0.8	 was	 obtained,	 corresponding	 to	 cells	 remaining	




time,	 these	 stem	 cells	 migrated	 with	 a	 value	 of	 𝛼	~	0.6,	 performing	 a	 partially	
confined	 random	movement.	We	 attributed	 this	 biphasic	 behavior	 to	 stem	 cells	






the	correlation	of	velocities	early	on,	whereas	 for	 the	 formation	of	networks,	 the	
higher	TCF	values	at	the	onset	indicated	that	cell	movements	were	persistent.	Later,	
as	 cell	 movement	 became	 more	 confined,	 time	 correlation	 decreased	 to	 values	
similar	 to	 low	 Matrigel	 concentration	 thin	 films.	 As	 before,	 we	 attributed	 this	
behavior	to	stem	cells	becoming	part	of	a	structure.	The	different	TCFs	on	low	and	
high	 Matrigel	 concentration	 substrates	 suggest	 that	 cells	 on	 lower	 Matrigel	
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Figure 4.1.13. Representative images of maximum intensity Z projections for the three regions defined 
across monolayer cross-sections: basal cell side, close to the substrate (left panels), half-cell height 
(middle panels) and apical cell side, close to the cell culture medium (right panels), for Caco-2 cells, MDCK 





types	 throughout	 the	kidney	 in	vivo	make	basal	actin	stress	 fibers20–22.	The	main	
physiological	role	of	stress	fibers	in	epithelial	cells	in	vivo	is	to	provide	contractility	




cells	 showed	 small	 actin-rich	basal	 aggregates	 and	no	 stress	 fibers.	 Similar	 actin	
aggregates	 at	 their	 basal	 planes	 have	 been	 recently	 reported	 in	 migrating	




At	 half-cell	 height,	 actin	 appeared	 to	 be	 distributed	 contouring	 the	 cell	 borders,	
which	 corresponds	 to	 cell-cell	 junctions	 (Figure	 4.1.13,	 middle	 panels).	 Cell-cell	
junctions	 couple	 the	 actomyosin	 cortex	 of	 neighboring	 epithelial	 cells	 together,	
where	 the	 balance	 between	 cell-cell	 adhesion	 tension	 and	 cortical	 contraction	
dictates	tissue	organization17.	In	our	case,	the	typical	polygonal	shape	organization	
found	naturally	in	epithelia18	was	observed.		
At	 the	 apical	 cell	 side,	 all	 the	 cell	 kinds	 tested	 presented	 a	 uniform	dotted	 actin	
staining	that	corresponds	to	actin	located	at	the	core	of	the	microvilli,	which	form	
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concentration	depends	on	 the	epithelial	 cell	 type	 cultured.	Noteworthy,	 after	 the	





structures,	 cell-matrix	 interactions	 might	 be	 highly	 relevant	 when	 dictating	 cell	
polarity.		
4.1.10 Epithelial	 cells	 redistribute	 the	 ECM	 of	 the	 coated	 substrates	 to	 form	 3D	
transient	structures	









mL-1)	 Matrigel	 concentrations	 for	 24	 hours	 to	 achieve	 monolayers	 and	 3D	
structures,	 respectively.	To	visualize	 the	relative	distribution	of	 the	ECM	and	 the	




imaged	 areas	 for	 all	 cell	 types	 (Figure	 4.1.15	 (a)).	 This	 laminin	 organization	
coincides	 with	 the	 homogeneity	 observed	 when	 imaging	 the	 Matrigel-coated	
surfaces	before	cell	culture	(Figure	4.1.4),	so,	not	obvious	laminin	redistribution	was	
observed	as	a	consequence	of	cell	growth.	In	contrast,	when	cells	were	organized	in	
3D	 structures,	 either	 cell	 aggregates	 or	 tubular	 structures,	 laminin	 was	 found	
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3D	 structures	 (Figure	 4.1.16,	 left	 panels).	 Then,	 as	 the	 culture	 progressed,	 we	
observed	 that	 laminin	 immunostaining	 was	 not	 uniform	 in	 intensity	 along	 the	
tubular	structures,	but	it	was	accumulated	in	certain	regions.	These	regions	were	
protruding	from	the	tubular	shapes	forming	buds.	Interestingly,	Lgr5+	ISCs	were	not	
uniformly	 distributed	 either	 but	 cells	 had	 the	 tendency	 to	 accumulate	 at	 certain	
regions	that	overlapped	with	the	enriched-laminin	regions	(Figure	4.1.16,	middle	
panels).	 After	 96	 hours	 of	 culture,	 cells	 completely	 wetted	 the	 surface	 forming	
epithelial	 monolayers	 that	 covered	 the	 entire	 substrate.	 At	 that	 point,	 laminin	




and	 laminin	 that	 protrude	 from	 the	 tubular	 networks	 are	 crypt-like	 structures	
formed	upon	the	self-organization	of	the	stem	cells	within	the	tubular	structures.	In	
a	recent	publication,	we	demonstrated	that	both	organoid-derived	crypt	pieces	and	
organoid-derived	 single	 cells	 formed	 functional	 epithelial	 monolayers	 when	





later	 evolve	 in	 intestinal	 monolayers	 preserving	 the	 crypt-villus	 organization.	
Therefore,	 there	 is	a	strong	relationship	between	stem	cell	distribution	and	ECM	




Studies	 using	MDCK	aggregates38,150	 or	 intestinal	 human	organoids155	 previously	
demonstrated	 that	 epithelial	 organization	 can	 be	 regulated	 by	manipulating	 the	
extracellular	 matrix	 (ECM)	 proteins.	 Specifically,	 MDCK	 aggregates	 and	 human	
organoids	have	been	demonstrated	to	reverse	their	polarity	upon	varying	the	ECM	
composition.	On	the	one	hand,	MDCK	aggregates	exhibit	apical-out	polarity	in	liquid	
suspension.	 In	 contrast,	 these	 aggregates	 embedded	 in	 collagen	 type	 I,	 thereby	
providing	a	strong	ECM	cue	on	the	outside	of	these	structures,	exhibit	a	basal-out	
polarity.	 On	 the	 other	 hand,	 human	 organoids	 in	 a	 basement	membrane	 extract	
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cellular	 reprogramming	 during	 tissue	 repair87,106.	 As	 intestinal	 tissue	 repair	 is	
influenced	by	the	accumulation	of	collagen	I	fibers	around	the	newly	formed	crypts,	
both	the	matrix	composition	(rich	in	collagen	IV	in	the	homeostatic	tissue)	and	the	








activation	 has	 been	 reported	 in	 response	 to	 increased	 mechanical	 tension	 (stiff	
environments)104,	 during	 intestinal	 tissue	 regeneration87,157	 and	 in	 the	 crypt	
formation	 in	 organoid	 cultures88,89.	 To	 analyze	 YAP	 activation	 in	 our	 system,	we	
cultured	organoid-derived	single	cells	on	collagen	I	and	Matrigel	substrates	for	24	





confined	 to	 their	 nuclei	 (Figure	 4.1.18).	 In	 contrast,	 onto	 the	 Matrigel-coated	
surfaces,	cell	monolayers	displayed	a	heterogeneous	activation	of	YAP,	as	we	can	
identify	 regions	where	 the	YAP	 signal	 is	 restricted	 to	 the	 cell	 nuclei	 and	 regions	
where	 is	 both	 cytoplasmatic	 and	 nuclear	 (Figure	 4.1.18).	 Proliferative	 cells	
displayed	 YAP	 location	 both	 cytoplasmatic	 and	 nuclear	 (Figure	 4.1.18),	whereas	
non-proliferative	cells	presented	fully	nuclear	YAP	showing	that	these	two	domains	
where	distinct	both	in	proliferation	and	YAP	localization.	In	contrast,	proliferative	
cells	 onto	 collagen-coated	 surfaces	 were	 scattered	 over	 the	 surface	 and	 all	
presented	 YAP	 translocated	 into	 the	 nucleus.	 Therefore,	 in	 our	 system,	 YAP	




Next,	we	 compared	 YAP	 activation	 in	 the	 two	 types	 of	 3D	 structures	 formed	 by	
organoid-derived	single	cells,	either	when	cultured	onto	Matrigel-coated	surfaces	at	
high	protein	concentration	forming	tubular	networks	or	when	embedded	within	3D	
Matrigel	 drops	 forming	 organoids	 after	 24	 h	 of	 culture.	 We	 observed	 that	 cells	
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they	usually	 spread	 and	 formed	an	 extended	 cell	monolayer.	 In	 contrast,	 on	 soft	
substrates,	 cell	 aggregates	 retained	 spheroidal	 shapes.	 For	 example,	 murine	
sarcoma	(S-180)	spheroidal	aggregates	deposited	on	stiff	(~1.8	MPa)	fibronectin-
coated	PDMS	spread	forming	a	cellular	monolayer	expanding	from	the	aggregate59.	









structures	 obtained.	 As	 controls,	 samples	 coated	 on	 Matrigel-coated	 polymer	
substrates	(stiffness	of	~3	GPa)	were	also	analyzed.	
After	24	hours	of	culture,	we	observed	that	on	low	Matrigel	concentration	(3	mg	mL-




and	monolayers	 on	 the	 softest	 substrate	 (3	 kPa)	 (Figure	 4.1.19	 (a),	 lower	 row).	
Quantitative	 values	 of	 the	 surface	 coverage	 obtained	 for	 these	 samples	 revealed	
that,	while	the	two	wetting	phases	were	clearly	observed	depending	on	the	Matrigel	
concentration	for	the	stiffest	substrates,	such	phase	transition	was	interrupted	for	
the	 softest	 substrate	 (Figure	 4.1.19	 (b)).	 On	 this	 softest	 substrate	 (3	 kPa),	
monolayers	with	surface	coverage	values	close	to	100%	were	formed	irrespectively	
on	the	Matrigel	concentration	employed	(Figure	4.1.19	(c)).	Therefore,	in	terms	of	
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We	 next	 characterized	 the	 cell	 types	 obtained	 from	 the	 different	 cell	 culture	
conditions	and	substrates,	focusing	our	attention	on	the	proliferative	cells	(Ki67+)	
and	the	stem	cells	(GFP+).	On	the	one	hand,	monolayers	obtained	on	Matrigel	at	low	
concentration	 (3	mg	mL-1)	 showed	 higher	 percentages	 of	 both	 proliferative	 and	
stem	 cell	 positive	 cells	 for	 cells	 derived	 from	 organoids	 cultured	 with	 ENR_CV-
medium	than	for	those	cultured	with	EN2R-	and	ENR-media	(Figure	4.1.24	(a-b)).	
Between	 EN2R-	 and	 ENR-media	 we	 did	 not	 see	 any	 statistically	 significant	
difference	 but	 there	 was	 a	 decreasing	 trend.	 Therefore,	 the	 differences	 in	 the	
stemness	potential	of	the	cells	that	were	seen	in	the	organoids	were	also	translated	
to	 the	monolayer	 cultures	 and	were	 probably	 the	 reason	 of	 gradual	 decrease	 in	
surface	 coverage	 reported	 in	 Figure	 4.1.22.	 On	 the	 other	 hand,	 3D	 structures	
obtained	on	Matrigel	at	10	mg	mL-1	displayed	similar	percentages	of	proliferative	
cells,	 but	 a	 remarkable	 enhancement	 of	 stem	 cells	 in	 the	 complete	 networks	













4.2 Effects	 of	 cell-cell	 and	 cell-secreted	 biomolecular	 signals	 on	 the	 self-
organization	of	organoid-derived	intestinal	monolayers	
In	vivo,	the	organization	of	the	epithelium	of	the	small	intestine	is	regulated	by	cell-
cell	 and	 cell-substrate	 interactions.	 The	 effects	 of	 cell-substrate	 interaction	 have	









whereas	 ephrinB	 ligands	 form	 a	 complementary	 gradient	 with	 the	 highest	
concentration	 present	 at	 the	 villi	 tips	 (Figure	 4.2.1	 (a))84,85.	 On	 the	 other	 hand,	
biochemical	 factors	 such	 as	Wnt,	 Notch	 and	 bone	morphogenetic	 protein	 (BMP)	
among	others91	are	secreted	by	epithelial	and	non-epithelial	(stromal)	cells	into	the	
extracellular	 space.	 In	 particular,	 Wnt	 plays	 a	 crucial	 role	 in	 regulating	 the	
proliferation	and	organization	of	epithelial	cells92–94.	It	arises	from	multiple	sources	




role	 each	 source	 plays	 in	 regulating	 the	 epithelium.	 Recently,	 organoid-derived	
monolayers	with	in	vivo-like	domains	were	exposed	to	the	perturbation	of	some	of	




Here,	 taking	 advantage	 of	 our	 knowledge	 to	 form	 2D	 epithelial	 monolayers,	 we	
systematically	 studied	 the	 role	 of	 localized	 signals	 in	 the	 self-organization	 of	







target	 the	 spatial	 localization	 of	 crypt-like	 domains	 on	 epithelial	 monolayers	
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4.2.2 EphrinB1	 signaling	 strength	 can	 be	 effectively	 controlled	 through	
micropatterns		
In	vivo,	cells	of	the	small	intestine	crypts	are	subjected	to	complementary	gradients	
of	 ephrin/Eph	 ligand-receptor	 signals,	 which	 indicates	 that	 ephrin	 signaling	
depends	 on	 the	 ligand	 concentration84,85.	 Indeed,	 it	 has	 also	 been	 reported	 in	
experiments	in	vitro	that	ephrin	might	allow	cell	adhesion	or	trigger	cell	repulsion	
depending	 on	 the	 ligand	 concentration160,161.	 Therefore,	 once	 we	 knew	 that	
ephrinB1	 micropatterns	 were	 biologically	 active,	 we	 investigated	 whether	 the	
biological	activity	of	the	ligand	could	be	regulated	by	this	technique.	To	explore	this	
issue,	we	 fabricated	a	set	of	ephrinB1	micropatterns	of	 lines	of	20	µm	 in	size	on	
laminin-coated	 substrates	 where	 we	 varied	 the	 ephrinB1	 concentration	 of	 the	
solutions	used	to	“ink”	the	PDMS	stamps.	A	broad	range	of	ephrinB1	concentrations	
ranging	 from	 1	 to	 10-4	 dilutions	 from	 the	 stock	 concentration	 (69.0	 µg	 mL-1	
ephrinB1/Fc	+	0.559	mg	mL-1	anti-Fc	antibodies)	were	tested.	On	the	micropatterns	
produced,	 NIH/3T3	 fibroblasts	 were	 seeded	 at	 a	 density	 of	 105	 cells	 cm-2	 and	
cultured	 for	24	hours.	After	 this	 time,	 samples	were	 fixed,	 immunostained	 for	F-
actin,	cell	nuclei	(DAPI)	and	ephrinB1,	and	imaged	with	a	fluorescence	microscope.	
Then,	we	quantified	cell	nuclei	orientation	with	respect	to	the	line	direction,	and	cell	





orientation	 and	 position	 in	 between	 lines	 were	 progressively	 lost.	 This	 was	
quantitatively	assessed	for	the	cell	nuclei	orientation,	where	we	found	a	transition	
triggered	 by	 the	 ephrinB1	 dilution	 (Figure	 4.2.5	 (b)).	 For	 the	 highest	 ephrin	
concentrations,	 cells	 showed	 strongly	 elongated	 morphologies	 and	 were	 almost	
fully	 aligned	 parallel	 to	 the	 lines	 (orientation	 index	∼	1).	 In	 addition,	 they	were	
strongly	 confined	 in	 between	 the	 ephrinB1	 lines	 (position	 index	 distribution	
centered	at	∼	0)	(Figure	4.2.5	(c)).	When	reducing	the	ephrin	concentration,	cells	
showed	 an	 increasingly	 spread	 morphology,	 a	 random	 orientation	 (orientation	
index	∼	0),	and	a	random	distribution	over	all	the	cell	culture	area	(position	index	
homogeneously	 distributed).	 In	 particular,	 for	 the	 lowest	 dilution,	 ephrinB1	 cell	
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decided	 to	 pursue	 a	 strategy	 developed	 in	 our	 lab	 a	 few	 years	 ago	 based	 on	
performing	 the	 micro-contact	 printing	 procedure	 on	 Matrigel-coated	 substrates	
previously	subjected	 to	a	 freeze-drying	process125.	Through	 this	process,	 the	soft	
hydrogel	 becomes	 mechanically	 resistant	 enough	 to	 sustain	 the	 PDMS	 stamp	






dried	 and	 fresh	 Matrigel	 coatings	 were	 produced	 employing	 diluted	 Matrigel	
solutions	 (0.25	mg	mL-1),	were	 visualized	 by	 immunofluorescence	 using	 laminin	
antibodies	and	imaged	using	confocal	microscopy.	
Images	 in	 Figure	 4.2.6	 (b)	 are	 representative	 of	 the	 laminin	 distribution	 in	 the	
treated	and	fresh	Matrigel	samples.	The	positive	staining	for	laminin	demonstrated	
a	 stable	 adhesion	 of	 Matrigel	 coatings	 after	 freeze-drying,	 reconstitution,	 and	
immunostaining	 processes.	 As	 shown	 here,	 both	 samples	 presented	 a	 punctate	
protein	 distribution	 with	 non-significant	 differences	 in	 terms	 of	 the	 average	
intensities	 measured	 (Figure	 4.2.6	 (c)).	 On	 the	 other	 hand,	 non-significant	






covering	 three	 orders	 of	 magnitude	 (from	 1	 µm	 to	 0.1	 mm)	 were	 successfully	
printed	 onto	 the	 freeze-dried	Matrigel	 surfaces	 (Figure	 4.2.6	 (e)).	 The	 ephrinB1	




were	 successfully	 printed	 but	 also	 negative	 stamps	 (with	 holes,	 as	 the	 circular	
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the	 intrinsic	 morphology	 and	 distribution	 of	 crypts-like	 domains	 in	 organoid-
derived	epithelial	monolayers.	




the	 intestinal	 epithelium	 and	 the	 stroma.	 Thus,	 the	 epithelial	 organization	 is	
orchestrated	by	molecules	of	both	epithelial	and	non-epithelial	origin.	This	became	
evident	through	a	study	where	the	Paneth	cells	were	depleted.	In	vivo,	removingthe	
Wnt	 signal	 coming	 from	 the	 Paneth	 cells	 did	 not	 alter	 the	 normal	 intestine	









However,	 before	 moving	 on	 to	 study	 the	 behavior	 of	 the	 monolayers	 on	 the	
micropatterned	 surfaces,	we	 decided	 to	 better	 characterize	 the	morphology	 and	
distribution	of	the	crypt-like	domains	without	such	patterns.	To	do	that,	we	cultured	
organoid-derived	single	cells	on	diluted	and	treated	Matrigel-coated	substrates	to	
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fluorescence	 intensities	 of	 patterned	 and	 non-patterned	 regions,	 therefore	
suggesting	a	successful	biomolecular	transfer.		
4.2.7 Micropatterns	 of	 ephrinB1	 and	 Wnt3a	 ligands	 are	 able	 to	 guide	 the	
distribution	of	crypt-like	domains	in	organoid-derived	epithelial	monolayers		
Intestinal	epithelial	cells	are	self-organized	in	crypt-	and	villus-like	domains	in	vivo	
but	 also	 in	 vitro	 in	 organoids	 and	monolayers	 format.	 This	 process	 is	 driven	 by	
complex	and	interdependent	biochemical	signals,	so	it	is	difficult	to	disentangle	the	
effects	of	individual	factors.	Thus,	we	examined	whether	our	technological	approach	
could	 be	 suitable	 to	 study	 the	 effects	 of	 such	 individual	 factors	 in	 a	 controlled	
environment.	As	stated	above,	ephrinB1	and	Wnt3a	ligands	are	shown	to	control	the	




and	 distribution	 of	 the	 crypt-like	 domains	 and	 we	 compared	 them	 with	 the	
monolayers	grown	onto	non-patterned	surfaces	(see	section	3.5).	For	this	purpose,	
we	 produced	 micropatterns	 of	 ephrinB1	 ligands	 all	 over	 the	 surface	 except	 on	
circular	holes	of	100	μm	 in	diameter	and	spaced	 (center-to-center)	200	μm;	and	
micropatterns	of	Wnt3a	ligands	forming	circles	of	the	same	dimensions	and	spacing	














cell	 area	 contour	 maps	 (in	 yellow)	 and	 their	 corresponding	 histograms	 (Figure	
3.17).	From	such	histograms,	we	defined	cell	area	threshold	values	to	identify	cell	
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Figure 4.2.13. (a) Organoid-derived single cells seeded on diluted and treated Matrigel without pattern 
(upper panel), with the ephrinB1 micropatterns (middle panel) and with the Wnt3a micropattern (lower 
panels) at 48 hours of culture. Representative fluorescence images of F-Actin and cell nuclei (DAPI), 
ephrinB1 oligomers (just middle panel) and Wnt3a (just lower panel) (left panels). Representative cell area 
segmentation (middle panels). Representative cell area contour map (right panels). Scale bars: 200 μm. 
(b) Crypt-like domain area. Mean ± SEM. Crypt-like domain normalized elongation index. Mean ± SEM. 
(c) Distance between crypts (a). Mean ± SD. Orientation index. Median. (*) p < 0.05, (**) p < 0.01, (***) p 
< 0.001, t-test. N = 3 experiments. 
	
To	 quantitatively	 evaluate	 the	 effects	 of	 the	 micropatterns	 on	 the	 crypt-like	
domains,	we	further	analyzed	their	morphology	by	computing	their	areas	and	their	
shape	through	their	elongation	indexes	(Figure	4.2.13	(b)).	On	the	one	hand,	crypt-
like	 domain	 areas	 significantly	 increased	 with	 respect	 to	 the	 control	 for	 both	





and	 control	 samples.	 Since	 the	 micropatterns	 were	 not	 perfectly	 circular	 when	
produced,	 due	 to	 slight	 pressure	 variations	 during	 the	 stamping	 process,	 we	











samples	 (Figure	 4.2.13	 (c),	 left	 graph).	 Thus,	 this	 parameter	 illustrates	 that	 the	
organization	 of	 crypt-like	 domains	 is	 altered	 by	 the	 micropatterns.	 Intestinal	
epithelial	monolayers	cultured	on	ephrinB1	micropatterns	showed	an	increment	in	
the	 interdomain	distance	with	respect	to	the	control	but	without	any	statistically	
significant	 differences.	 The	 average	 value	 of	 this	 interdomain	distance	 is	 slightly	
smaller	than	the	dimensions	 imposed	by	the	micropattern	features.	However,	 for	
some	domains	this	parameter	is	significantly	smaller,	thus	indicating	that	the	cell	
repulsive	 effects	 of	 ephrinB1	 ligands	on	proliferative	 cell	 clusters	do	not	 impose	
sharp	boundaries,	but	gradual	signaling.	Conversely,	for	Wnt3a	micropatterns,	the	
interdomain	distance	did	not	show	a	high	dispersion	and	its	average	value	matched	
that	 imposed	 by	 the	 micropattern	 features,	 therefore	 accounting	 for	 the	 good	
regularity	 of	 the	 crypt-like	domains	 observed	 in	 Figure	4.2.13	 (a),	 left	 panels.	 In	
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different	 expression	 patterns	 in	 vivo.	While	 ephrinB1	 ligands	 are	 expressed	 in	 a	
gradient	 manner	 along	 the	 crypt-villus	 axis84,85,	 the	 Wnt3a	 signal	 is	 mainly	
restricted	 to	 the	bottom	of	 the	 crypts	where	 the	 stem	cells	 reside,	 as	 their	main	
source	in	the	absence	of	non-epithelial	tissue	compartments,	is	the	Paneth	cells94,95.	
Thus,	the	strong	confinement	evidenced	here	by	the	Wnt3a	ligand	versus	the	not	so	















the	 interdomain	 spacing	 (center-to-center)	 to	 400	 μm.	 We	 then	 produced	
micropatterns	 of	 ephrinB1	 and	Wnt3a	 ligands	 onto	 freeze-dried	Matrigel-coated	









4.2.15	 (a),	middle	 and	 right	 panels).	 Contrary	 to	what	was	 seen	 in	 the	 previous	
section,	 no	 obvious	 order	 could	 be	 visually	 identified	 upon	 performing	 the	
thresholds	imposed	for	the	cell	area	and	minimum	size	of	the	crypt-like	domains.	
We	then	decided	to	quantitatively	evaluate	the	effects	of	the	micropatterns	on	the	
size	 and	 the	 shape	 of	 the	 crypt-like	 domains	 formed	 in	 these	 monolayers.	 We	
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domain	 areas	 obtained	 matched	 with	 the	 area	 stipulated	 by	 the	 micropatterns.	
Furthermore,	the	Wnt3a	micropattern	triggered	more	circular	crypt-like	domains	
with	 respect	 to	 the	 control	 (Figure	 4.2.16	 (b),	 right	 graph).	 Regarding	 the	
interdomain	 spacing,	 it	 matched	 the	 distance	 imposed	 by	 the	 micropattern	 and	
coincided	with	the	interdomain	distance	showed	by	the	controls	although	the	crypt-
like	 domains	 were	 randomly	 oriented	 (orientation	 index	~	 0).	 Taken	 together,	
approaching	the	distance	between	the	centers	of	Wnt3a	micropatterns	increases	the	
cell	confinement	within	the	dimensions	of	the	micropatterns,	maintains	the	crypt-
like	domains	apart	 the	distance	 imposed	by	the	pattern	design	and	 increases	 the	
circularity	of	crypt-like	domains.	On	the	other	hand,	 the	crypt-like	domains	were	
found	to	be	randomly	oriented.		
4.2.9 Micropatterns	 of	 different	 biomolecules	 modulate	 the	 crypt-like	 domain	
morphology	 and	 distribution	 in	 epithelial	 monolayers	 according	 to	 their	
biological	role	
Finally,	we	 systematically	 performed	 the	 experiments	 presented	 in	 the	 previous	
section	for	ephrinB1	and	Wnt3a	micropatterns	of	circles	of	100	µm	in	diameter	and	
varying	spacings	between	150	and	400	µm.	We	then	quantified	the	same	parameters	
as	before	 and	we	 compiled	 the	 results	 as	 a	 function	of	 the	micropattern	 spacing	
(crypt-like	domain	spacing)	in	the	graphs	shown	in	Figure	4.2.17.	On	the	one	hand,	
crypt-like	domain	area	showed	the	same	tendency	 for	both	ephrinB1	and	Wnt3a	







cultures,	 as	 if	 the	 intrinsic	 signaling	 that	 regulates	 the	 crypt-like	domains120	was	
overcoming	the	signaling	imposed	by	the	micropatterns	(Figure	4.2.17	(b)).	Thus,	
for	 relatively	 large	 distances	 between	 exogenous	 signals,	 the	 epithelium	 stops	
responding	 to	 the	 exogenous	 signals	 and	 recover	 their	 intrinsic	
compartmentalization.	
The	evaluation	of	the	crypt-like	domains	elongation	for	the	ephrinB1	micropatterns	
showed	 close-to-circular	 domains	 such	 as	 those	 generated	 on	 non-patterned	
substrates	 (Figure	 4.2.17	 (c)).	 Moreover,	 there	 were	 not	 showing	 significant	
differences	with	 the	distances	between	 the	micropatterns,	probably	because	 this	
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The	 culture	 of	 intestinal	 organoids	 has	 opened	 unprecedent	 opportunities	 for	











epithelial	monolayers	 that	also	 recapitulate	 the	 in	vivo-like	cell	 type	composition	
and	 organization	 when	 seeded	 on	 thin	 layers	 of	 the	 same	 cell-derived	 protein	
mixture119,120.	The	formation	of	these	intestinal	monolayers	provides	a	cell	culture	
system	 easier	 to	 probe	 and	 analyze	 to	 gain	 a	 better	 understanding	 of	 the	 tissue	
organization	and	its	properties.	The	experiments	and	results	presented	in	this	thesis	
aim	 to	 make	 use	 of	 this	 biological	 in	 vitro	 model	 and	 bioengineering	 tools	 to	
investigate	the	impact	of	substrate-derived	cues	in	the	self-organization	process	of	
organoid-derived	intestinal	epithelial	cells.	
The	 first	 part	 of	 this	 thesis	deals	with	 the	 role	 of	ECM	cues	 in	 guiding	 intestinal	
epithelial	self-organization.	We	focused	our	attention	on	the	role	that	ECM	density	
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Previous	 studies	 have	 shown	 that	 cells	 and	 cellular	 monolayers	 placed	 on	 non-
adhesive	substrates	(e.g.	agarose	gels,	PEG-PLL)	form	3D	aggregates	by	a	de-wetting	
process62,164.	 These	 studies	 did	 not	 observe,	 however,	 networks	 distributed	
according	to	a	Voronoi	tessellation.	As	we	previously	hypothesized	that	the	cellular	




migrate.	 Indeed,	our	experiments	demonstrated	that	 in	our	system,	the	 intestinal	
stem	cells	(ISCs)	motility	depends	on	the	ECM	concentration.	On	the	one	hand,	the	
increased	motility	could	have	arisen	from	their	reduced	adhesion	to	the	ECM,	as	cell	
motility	 and	 cell-ECM	 adhesion	 are	 in	 general	 related	 by	 a	 bi-phasic	 curve165.	
Usually,	 cell	 adhesion	 is	 linked	 to	 the	 protein	 amount	 present	 in	 the	 matrix.	
However,	the	data	gathered	in	our	experiments	pointed	out	that	ISCs	have	increased	











we	 used	 Yes-associated	 protein	 1	 (YAP)	 to	 investigate	 how	 these	 two	 different	
matrix	 compositions,	 i.e.	 Matrigel	 and	 collagen	 type	 I,	 influence	 cell	 mechano-
responses.	We	showed	that	YAP	is	activated	in	a	different	manner	depending	on	the	
matrix	composition,	 the	cellular	environment	and	 the	substrate	dimensionality88.	
Therefore,	 the	 activation	 of	 YAP	 could	 provide	 critical	 information	 about	 the	
mechanical	 signals	 needed	 for	 more	 physiological	 maintenance	 of	 intestinal	
organoid-derived	cells.	Our	results	indeed	indicate	that	substrate	stiffness	is	a	key	
















a	 well-defined	 threshold,	 organoid-derived	 intestinal	 epithelial	 cells	 can	
redistribute	the	ECM	to	form	3D-tubular	networks.	The	identification	of	this	ECM	
redistribution	 provides	 a	 basis	 on	which	 to	 further	 explore	 the	mechanism	 that	
controls	epithelial	organization.		
Finally,	not	only	cell-ECM	interactions	seem	to	be	key	for	the	formation	of	the	3D	
tubular	 networks	 observed.	 On	 the	 contrary,	 such	 tubular	 structures	 are	 not	
observed	when	culturing	other	epithelial	cell	types	such	as	Caco-2	or	MDCK	cells.	
Therefore,	 taking	 into	 consideration	 the	multicellular	 character	 of	 the	 organoid-












like	 structures	 enriched	 in	 stem	 cells.	 To	 test	 this	 hypothesis,	 we	 reduced	 the	





regard,	one	has	 to	 consider	 that	 in	 vivo	 intestinal	 crypts	are	 formed	by	a	 certain	







the	mean	edge	 length	of	 the	polygons	(~	200	µm)	is	comparable	with	the	 in	vivo	
dimensions	of	intestinal	crypts147.	While	in	de-wetted	collagen	networks,	the	length	
of	 the	 collagen	 monomers	 is	 comparable	 to	 the	 characteristic	 diameter	 of	 the	
pores148,	analogously	in	here	we	can	speculate	that	the	emerging	tubular	structures	
might	be	the	equivalent	to	collagen	monomers.	These	emergent	structures	appear	
via	 cell-cell	 crosstalk	 facilitated	 by	 cell-ECM	 interactions	 and	 triggered	 by	
characteristic	 lengths	 of	 the	 in	 vivo	 tissue	 and	depend	on	 the	 ISC	number.	 Thus,	
primary	 intestinal	 epithelial	 cells	 have	 the	 capability	 to	 form	 structures	 with	









structures.	 In	 addition,	 as	 intestinal	 epithelial	 cells	 proliferate	 and	 therefore	
consume	 energy,	 the	 intestinal	 epithelial	 network	 is	 out	 of	 equilibrium.	 Overall,	
these	 factors	might	 explain	 the	 partial-to-complete	wetting	 transition	 happening	
when	the	network	undergoes	the	transition	and	becomes	a	monolayer.		
In	the	second	part	of	this	thesis,	we	explored	the	effects	of	cell-derived	signals	on	
the	 self-organization	 of	 organoid-derived	 intestinal	 epithelial	 monolayers.	
Epithelial	or	stromal	cell-derived	signals	might	exert	their	effects	through	cell-cell	
contacts	 (juxtracrine	 signals)	 or	 through	 paracrine	 action	 via	 cell-secreted	
molecules	that	diffuse	through	the	ECM	of	the	tissue.	In	vivo,	these	signals	regulate	
tissue	development,	maintain	homeostasis,	and	induce	regeneration	upon	damage	
by	 a	 set	 of	 complex	 inter-dependent	 mechanisms.	 Regulation	 might	 involve	 the	
establishment	 of	 gradients	 along	 the	 crypt-villus	 axis	 such	 as	 the	 case	 of	
ephrinB1/EphB2	ligand/receptor	pair84,85	or	feedback	loops	such	as	the	regulation	
of	 proliferation	 and	 differentiation	 via	 Wnt	 and	 BMP	 pathways120,	 respectively.	
Usually,	 these	 complex	 signaling	 pathways	 are	 studied	 by	 genetic	 approaches,	
blocking	with	antibodies	or	by	tuning	the	composition	of	the	cell	culture	medium.	In	
our	 studies,	 as	 an	 alternative	 we	 decided	 to	 propose	 the	 use	 of	 surface-bound	
ligands	spatially	located	through	micropatterning	techniques.	
We	 first	 determined	 that	 micro-contact	 printing	 technique	 can	 be	 successfully	
adapted	 to	 transfer	 both	 cell-membrane	 and	 soluble	 molecules	 onto	 soft,	 sticky	
substrates	such	as	Matrigel.	Not	only	the	transfer	was	successfully	achieved	with	
features	 such	 as	 lines	 but	 also	 more	 challenging	 structures	 such	 as	 circles	 of	







stamp.	Altogether,	 the	 system	designed	demonstrated	 a	 high	 versatility	 and	was	
amenable	for	the	culture	of	organoid-derived	intestinal	epithelial	cells.	
We	then	used	the	above-mentioned	system	to	mimic	the	in	vivo	spatial	distribution	
of	 ephrinB1,	 a	 juxtracrine	 signal	 involved	 in	 the	 compartmentalization	 of	 the	
intestinal	 epithelial	 cells,	 and	Wnt3a,	 the	major	 paracrine	 signal	 involved	 in	 this	
process.	 They	 were	 transferred	 to	 specific	 sites	 and	 at	 physiologically	 relevant	
densities.	 Although	 the	 in	 vivo	 gradients	were	 simplified	 in	 here	using	 an	 on/off	
signal,	 one	 might	 think	 on	 using	 a	 similar	 approach	 by	 employing	 other	
micropatterning	 technologies	 such	 as	 inkjet	 printing	 or	microfluidics,	 previously	
used	 at	 the	 laboratory169,170	 or	 photopatterning	 (PRIMO)171.	 The	 use	 of	 inkjet	
printing	using	piezoelectric	pipettes	able	to	dispense	nanoliter	volumes	of	solutions,	
enables	 the	 creation	 of	 arrays	 of	 biochemical	 molecules	 by	 non-contact	 protein	
deposition	 directly	 on	 top	 of	 the	 surface169.	 The	 microfluidic	 device	 allows	 the	
formation	of	biochemical	molecular	gradients	with	customizable	length	and	slope	at	
the	 micrometer	 scale170.	 The	 PRIMO	 is	 an	 optical	 setup	 that	 enables	 protein	












intrinsic	 crypt-like	 domain	 distribution	 induced	 by	 either	 ephrinB1	 or	 Wnt3a	
ligands.	 To	 do	 that,	 we	 challenged	 the	 response	 of	 the	 system	 to	 several	
micropattern	 sizes	 and	 interdomain	 spacing.	 Overall,	 we	 found	 that	when	 using	
micropatterning	 dimensions	 close	 to	 the	 ones	 displayed	 by	 the	 self-organized	
monolayers,	both	ephrinB1	and	Wnt3a	ligands	redistributed	the	crypt-like	domains	
following	 the	 signals	 imposed	 by	 the	micropatterned	 template.	 This	means	 that,	
through	 the	 exogenous	 signals,	 we	 imposed	 the	 endogenous	 dimensions	 of	 the	
crypt-	 and	 villus-like	 domains.	 However,	Wnt3a	micropatterns	were	much	more	










compartment	 that	 is	 surrounded	 by	 a	 ring	 of	 TA	 cells.	 Thus,	 differences	 in	 size	
between	 the	 micropatterned	 features	 and	 the	 proliferative	 crypt-like	 domains	









thereby	 tunning	 the	proliferative	domains.	 If	by	 increasing	 the	crypt-like	domain	
area	the	proliferative	capacity	of	 these	monolayers	may	have	been	enhanced	 is	a	
question	yet	to	be	solved.	The	tuning	of	the	proliferative	capacity	could	be	studied	
either	 by	 verifying	 the	 proportion	 of	 Ki67+	 cells	 per	 crypt-like	 domain	 or	 by	
verifying	if	there	are	changes	in	the	number	and	positioning	of	ISCs	or	Paneth	cells	






tissues	 of	 colorectal	 cancer	 mutations	 such	 as	Adenomatous	 polyposis	 coli	 (Apc)	
mutations172.	 Inactivation	of	Apc	in	the	intestinal	stem	cells	stops	their	migration	
and	differentiation,	and	efficiently	drives	 intestinal	cancer	 formation.	 In	contrast,	
inactivation	of	Apc	in	differentiated	cells	does	not	induce	sustained	tumors172.		
Interestingly,	through	these	micropatterning	experiments	we	also	discovered	that	
by	 increasing	 the	 interdomain	 distance,	 meaning	 decreasing	 the	 exogenous	
signaling	 associated	 to	 crypt-like	 domains	 in	 favor	 of	 differentiated	 villus-like	
domains,	the	epithelium	stopped	responding	to	the	exogenous	signals	imposed.	For	
both	 ephrinB1	 and	 Wnt3a	 signals,	 the	 monolayers	 recovered	 their	 intrinsic	
compartmentalization	 properties	 (crypt-like	 domain	 size,	 first	 neighbor	 distance	






one	of	 the	signals	 involved	 in	 this	 feedback	 loop	(Wnt3a).	However,	 the	distance	
between	 crypt-like	 domains	 (i.e.	 the	 villus-like	 domains)	 is	 insensitive	 to	 these	









ones.	 However,	 future	 experiments	 should	 clarify	 if	 oligomerization	 of	 Wnt3a	
transmembrane	receptors173	is	also	involved	in	the	signal	transduction	process.	
Altogether,	we	believe	that	these	experiments	suggest	that	we	have	designed	and	
set	 up	 a	 tool	 to	 effectively	 address	 such	 type	 of	 questions:	 investigate	 the	 self-
organization	of	organoid-derived	intestinal	epithelial	cells	and	systematically	study	
the	effects	and	mechanisms	of	individual	ligands	on	this	process.	On	the	long	run,	














form	 on	 2D	 substrates.	 By	 using	 the	 wetting	 analogy,	 these	 binary	 cellular	
organizations	 might	 be	 interpreted	 as	 a	 complete-to-partial	 wetting	 transition	
induced	 by	 the	 substrate	 protein	 concentration.	 These	 two	 phases	 could	 be	
attributed	 to	 cues	 provided	 by	 a	 specific	 matrix	 composition,	 in	 which	 laminin	
content	appears	as	relevant.	Additionally,	this	wetting	phase	transition	is	prevented	
when	cells	are	cultured	on	substrates	of	stiffness	values	lower	than	their	ECM	in	vivo	




transient	 tubular	 networks	 revealed	 that	 the	 intestinal	 stem	 cells	 present	 in	 the	
culture	have	a	motility	 that	depends	on	 the	protein	substrate	concentration.	The	
highest	protein	concentrations,	which	usually	promote	higher	adhesion	to	matrices,	
increase	 cell	motility.	 Likewise,	we	 also	 found	 that	 above	 a	well-defined	 protein	
concentration	threshold,	epithelial	cells	can	redistribute	the	extracellular	matrix	to	
form	3D	structures.	The	identification	of	this	protein	redistribution	process	sets	the	
basis	 to	 further	 investigate	 the	 mechanistic	 insights	 of	 cell-extracellular	 matrix	
signals	that	control	epithelial	organization.		
• Despite	the	transition	between	monolayers	and	3D	structures	was	observed	for	all	
the	 cells	 tested	 here,	 only	 the	 organoid-derived	 intestinal	 cells	 displayed	 the	
formation	of	tubular	networks,	suggesting	that	this	is	an	intrinsic	property	of	these	
cultures.	We	found	that	the	tubular	networks	displayed	a	higher	percentage	of	stem	





tubular	 networks	 of	 our	 cultures	 were	 the	 precursors	 of	 primitive	 crypt-like	
structures,	as	they	have	dimensions	comparable	with	the	in	vivo	intestinal	crypts,	









• A	 variation	 of	 the	 micro-contact	 printing	 technique	 was	 successfully	 applied	 to	
transfer	epithelial	or	stromal	cell-derived	signals	relevant	for	the	organization	of	the	





micropatterned	 technique	 designed	 is	 versatile	 and	 suitable	 for	 the	 culture	 of	
organoid-derived	 intestinal	 epithelial	 cells,	which	were	 able	 to	 form	monolayers	
with	 compartmentalized	 crypt-	 and	 villus-like	 domains	 on	 these	micropatterned	
surfaces.		
• The	micropatterning	technique	described	above	was	successfully	employed	to	study	
the	 effects	 of	 cell-derived	 cues	 upon	 their	 binding	 to	 specific	 locations	 on	 a	
substrate.	 By	 mimicking	 the	 in	 vivo	 spatial	 distribution	 of	 ephrinB1	 and	Wnt3a	
ligands,	we	evaluated	 their	effects	on	 the	 intrinsic	crypt-like	domain	distribution	
found	 in	monolayers	 grown	 on	 non-patterned	 substrates.	When	 the	 dimensions	
imposed	 by	 the	 micropattern	 template	 were	 similar	 to	 the	 ones	 intrinsically	




the	 proliferative	 capacity	 of	 these	 monolayers	 might	 be	 tuned	 and	 by	 slightly	
increasing	 in	 their	 interdomain	 distance,	 the	 size	 of	 the	 differentiated	 domains	
might	also	be	tuned.	However,	we	also	discovered	that	when	the	dimensions	of	the	
micropatterns	 and,	 in	 particular,	 their	 center-to-center	 distances	 were	 far	 away	
from	 the	 intrinsic	 values	 of	 the	 monolayers,	 cells	 stopped	 responding	 to	 the	
exogenous	signals	imposed.	For	both	ephrinB1	and	Wnt3a	signals,	the	monolayers	
recovered	 their	 intrinsic	 proliferation	 and	 compartmentalization	 status.	
Additionally,	 we	 found	 that	 Wnt3a	 micropatterns	 were	 much	 more	 efficient	 in	
confining	 the	 distribution	 on	 the	 crypt-like	 domains	 than	 ephrinB1	 ligands.	We	
suggest	that	this	might	be	explained	by	the	different	confinement	effect	that	these	
molecules	 have	 in	 the	 tissue	 in	 vivo.	 Altogether,	 we	 conclude	 that	 these	 results	
validate	our	tool	to	systematically	investigate	the	effects	of	cell-derived	individual	
signals	on	the	self-organization	of	organoid-derived	intestinal	epithelial	cells.	
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fisiología	del	 tejido	 in	 vivo.	El	uso	de	organoides	ha	permitido	grandes	avances	en	 la	
biología	 de	 los	 tejidos	 epiteliales	 tridimensionales	 (3D)	 complejos,	 reconociendo	
ampliamente	el	papel	vital	de	la	interacción	entre	las	señales	derivadas	del	sustrato	y	las	
moléculas	de	señalización	dependientes	de	las	células,	para	el	desarrollo,	la	homeostasis	
y	 la	 regeneración	 de	 los	 tejidos.	 Sin	 embargo,	 el	 papel	 que	 ejercen	 cada	 uno	 de	 los	
componentes	de	manera	individual	no	se	puede	estudiar	de	manera	eficiente	in	vitro,	





de	 auto-organizarse	 en	monocapas	 epiteliales	 intestinales	 bidimensionales	 (2D)	 que	
también	 recapitulan	 la	 compartimentalización	 celular	 del	 tejido	 in	 vivo	 cuando	 se	
siembran	en	capas	delgadas	de	Matrigel.	La	formación	de	estas	monocapas	intestinales	




derivadas	 del	 sustrato	 en	 el	 proceso	 de	 auto-organización	 de	 las	 células	 epiteliales	
intestinales	derivadas	de	organoides.	
En	esta	tesis,	se	analiza	la	organización	de	células	epiteliales	en	monocapas	2D	o	redes	
tubulares	3D	en	 función	de	 la	 adhesión	 célula-sustrato.	De	 esta	manera,	 se	 ilustra	 la	
organización	en	estructuras	con	tamaños	y	formas	bien	definidas	independientemente	
de	 la	 dimensionalidad	 o	 señalizaciones	 externas.	 Además,	 la	 proporción	 de	 células	
madre	regula	la	geometría	de	dichas	estructuras.	Por	otro	lado,	en	contraste	con	lo	que	
se	observa	 in	vivo,	 los	dominios	de	cripta	de	 las	monocapas	están	desordenados	y	su	




la	 dimensión	 de	 las	 criptas.	 Además,	 la	 plataforma	 desarrollada	 permite	 analizar	 el	
efecto	de	diferentes	proteínas	en	la	compartimentación	de	las	células	y	en	otros	procesos	
epiteliales	como	proliferación,	migración	o	diferenciación	celular,	tanto	en	homeostasis	
como	en	proceso	patológicos.	
